In effect, this paper is a continuation of Mather (1987), where it was demonstrated that, depending on the properties of a gene pair, stabilising selection could bring about a stable polymorphism, but would not always do so. The analysis is now extended to any number of loci acting simultaneously. Following the earlier paper, the effects of gene differences on the primary character are assumed to show neither non-allelic interaction nor disturbance due to linkage, but different gene pairs will generally show interaction in their effects on fitness which are assumed to be related to the square of primary phenotypic deviations from the optimum.
INTRODUCTION
An earlier paper (Mather 1987) dealt with the consequences for fitness of a gene difference (A,a) affecting the expression of a quantitative character when stabilising selection was acting in favour of an intermediate optimum expression. The analysis showed that such stabilising selection would lead to a stable polymorphism where the heterozygote departed less from the optimal expression of the character than did both of the homozygotes: but where it did not do so, one or other allele would become fixed either by the direct effect of selection or by the resolution of an unstable equilibrium. Preliminary consideration was also given to the inter-relation of two gene pairs (A,a and B,b) and it was shown that the selection pressure on A,a was independent of that on B,b only when the mean expression of the three B,b genotypes was t Reprint requests from Dr M. J. Kearsey at the above address.
at the optimum. The analysis is now extended to the situation where any number of loci is involved and the consequences of their interaction are The same basic assumptions are also made as before, notably (i) that mating is at random in the population;
(ii) that the frequency distribution of the phenotypic expression of the primary character is normal and is undisturbed by both nonallelic interaction and the consequences of linkage;
(iii) that the fitness is also given by a normal distribution; and (iv) that the differences in average expression due to allelic substitution at any one locus are sufficiently small by comparison with the total phenotypic variation to render the loss of fitness entailed by the departures of the values of the three genotypes from the optimum expression, to be satisfactorily approximatable by the squares of these departures. One further point must be made. It will be seen that the factor A/2 no longer appears in the common term of the expression representing the effects of stabilising selection which, following Kimura (1981) , was used in the earlier publication. This is because I have come to doubt the applicability of the Taylor series, by which Kimura separates the effects of directional and stabilising selection, to the consequences of natural or quasi-natural selection as opposed to artificial selection. Under natural selection the key cause of both change and stability lies in the differences in reduction of fitness shown by individuals differing in their departures from the optimum in respect of the primary character; and this will apply to the directional component in the selection as well as the stabilising one.
The factor A/2 has been replaced by 0 which, like A/2, will allow for the varying values of the coefficient-in the fitness function, but which does not carry implications beyond this. It is used with the squares of the deviation of the primary character from the optimum. It should be added that the change to 0 makes no difference to the comparative conclusions reached in the earlier, as well as the present, communication.
TWO LOCI Inthe earlier paper it was pointed out that although the genes at the relevant loci are assumed not to show non-allelic interaction (epistasis) in respect of the primary character, the reduction in fitness due to deviation from the optimum phenotype may well do so. For example, an individual of genotype AABB will deviate phenotypically from the optimum by da(ma+1)+(db(mb+l).
The reduction in fitness, however, will be pro- Returning to table 1, and again following Kimura (1981) , the value of WA can be obtained as UaWAA+ VaWAa and from it UaUa(WAW)/W, which is shown in the final line of the table. It will be noted that in each line of the table the third term, which represents the main contribution of B,b to the loss of fitness, is the same for all three A,a genotypes and so cancels out during the calculation of LUa. The second term, which represents the interaction between the two loci, vanishes only when dbb=db(mb+ub-vb+2ubvbhb)=O, as already found earlier (Mather 1987) where m = ma + Tb/aXb and rb/a = db/ da. Thus the expressions derived in the earlier paper concerning the range over which A,a will show a stable polymorphism, so conserving variation, as opposed to fixation of either A or a, will still be valid despite the non-allelic interaction, provided that ma is replaced by m as just defined. Where polymorphism occurs, the contribution of locus A,a to the mean expression of the character at equilibrium is
The corresponding analysis can be carried out for B,b and it shows similarly that at equilibrium b={ubvbdb [(vb-ub) (1hb2mbhb) and the ensuing reduction in fitness will then be proportional to the square of this expression.
Corresponding expressions can be obtained for the other genotypes which are distinguished by being AA. Then, averaging over all these AA genotypes, the reduction in fitness will be proportional to d[(ma+ 1)+2(ma+ 1) Sxjrj,a+ T] where T is now a complex expression which includes both the interactions as well as the main effects of loci B,b -K,k but does not include any item involving locus A,a and so will vanish when the effects of selection on A,a are being assessed, just as the item in T vanished in table 1. This then provides the generalised form of line 1 in table 1. Similar treatment of the genotypes distinguished by being Aa, and then those distinguished by being aa, give the counterparts of lines 2 and 3 in the table.
Proceeding to find a as in table 1 yields
Equating this to 0 gives
as before but now with m = ma+ Sjrj,a, i.e. involving all k loci in the polygenic system mediating the heritable variation of the primary character in question. Correspondingly, dax da(m+12aVa+2aaiaha). So it too depends on all the loci in the system. k is likely to be some 20 or more each for sternopleural and abdominal chaeta number in Drosophila melanogaster (see Mather, 1983; Shrimpton and Robertson, 1988a, b) . Falconer (1971) has estimated that some 80 loci were involved in the determination of litter size in his population of mice; and "Student" (1934) even expressed the opinion that the number of loci involved in the determination of protein and oil content in the Illinois Experimental Station selection experiment with maize was likely to be nearer to 200 than 20.
Much smaller numbers of QTL5 (quantitative trait loci) have been found by Patterson et a!. (1988) to be involved in differences between a commercial variety of tomato and a wild relative. The aim of this work, however, was evidently not to obtain an estimate of the number of loci involved in a given polygenic system, but to find a means of identifying QTLs which could be useful in plant breeding. Its experimental approach and the statistical assessment of the data were also quite different from those of the earlier experiments quoted above. An average of only five loci was found for three commercially important characters. The authors recognise that these numbers must be minimal and, indeed, their criteria and analyses may well be responsible for their low estimates, which will not be considered further in our present context. Returning to our earlier estimates, no matter whether k = 20, 80 or 200 the implication of our present finding is that the effect of stabilising selection on the allele frequencies at any one locus will depend also on both the overall situation at the other loci in the system and the concommitant effects of selection at all these other loci. Given that k may well be 20 or more, and that both m and h can take sign, we must expect that iTi/a can, and indeed will, vary in sign from locus to locus and so tend to cancel out one another's effects.
We will return later to the consequences of this interdependence, but first we must look at the way in which ma, ha and S,i1 Ti/a combine to produce their joint equilibrium value of tastarting with the interplay of ma and ha. Confining ourselves for a moment to the single locus, allele a will become fixed when iata 2ma/(1-h-2maha)=1, that is when (1+ha)X So, returning to m', if ma and SiTiia are both positive their combined effect will be to increase the frequency of allele a, and indeed to fix it if Sbc•rI/. is large enough, a being of course the decreasing allele. Thus where loci B,b -K,k have an overall effect of increasing the mean expression of the primary character they increase the frequency, even to the point of fixation of the decreasing allele at locus, Aa. Correspondingly, where ma and SiTiia are both negative the consequence will be an increase in frequency, even to the point of fixation, of A, the increasing allele at the A,a locus.
Where ma and SI Ti/a are opposite in sign, m' will lie between them and so will be closer than ma to 0. Since the optimum is the origin for measuring m, this implies an approach to the optimal expression of the primary character, as well as potentially increasing the conserved variation.
No matter, however, whether A,a is moved towards fixation of one allele or towards a reinforced polymorphism, the inclusion of Sirj,a in m ensures that at equilibrium the allele frequencies at locus A,a will become adjusted to take into account the allele frequencies and other features at all the remaining loci. Since the same stabilising selection will also have been acting on all these other loci, when stability is attained the properties of each of them will have become adjusted to take into account those of locus A,a and indeed of all the other loci too. The net results of the selection will thus be that at stability the overall expression of the primary character will be Sd1x, which is of course the mean expression of the primary character, and since the polymorphism at every locus is stable, this mean expression will not change save by sampling variation, provided that the environment does not produce a change in the optimum expression. This stability does not, however, imply that the mean is necessarily at the optimum. It may well be there, as a departure of the mean from the optimum implies a loss of fitness, and provided that the total variation in the system is adequate to fuel the change, as indeed must commonly be the case, selection will push the mean to the optimum. In any case, even if the mean were not at the optimum, further mutation may occur at one or more of the k loci we have been discussing, or at other loci which affect the character in question but which hitherto have been mono-allelic, or new for survival under crowded conditions being greatest when the chaetae numbers are near to the mean and declining as the number departs increasingly from it, no matter in which direction. Thus the mean chaeta number must be at or near the optimum. It was further shown by Linney et al. (1971) that these differences in survival rate had nothing to do with the level of heterozygosity of the flies, as they were also observed when the individuals of differing chaeta numbers were all from inbred lines: the loss of fitness must be due to the departure from the mean of the chaeta numbers themselves, which reinforces the conclusion that the mean must be at or near the optimal expression.
The average numbers of chaetae were later ascertained for' each of eighteen inbred lines derived from this population, and although the lines differed among themselves the overall average of the eighteen did not differ significantly from the mean chaeta number of a sample of the population itself when raised under corresponding conditions (Caligari and Mather, 1980) .
In a randomly breeding population the mean contribution of locus A,a to the mean expression of the character is da(ma+ua-va+2uavaha), which, we may observe, will also cover loci at which one allele has been fixed by earlier selection. An inbred line derived from the population is thus expected to have a mean expression of da (ma+ 1 This requires that either all h 0 or that the consequences of positive and negative h balance one another. It is known, however, that h 0 . So not only must h vary in sign, but it must, do so within restrictions imposed by the limits on the combinations in value of h and m that are consonant with polymorphisms at the loci; and since Sd1(m1+u1-v1)=0 so correspondingly must This surely implies the action of stabilising selection.
These conclusions depend on comparisons in respect of fitness of the means of both the population itself and the inbred lines derived from it, the distribution of fitness having been related to chaeta number in a separate and quite demanding experiment. This gives a direct and powerful approach to the understanding of the selection at work, but such a detailed knowledge of the relation between fitness and expression of the primary character may not always be an essential requirement. Since at any locus showing stable polymorphism the heterozygote must be fitter, and therefore phenotypically nearer to the optimum than both homozygotes, the fittest phenotype will be that in which all polymorphic loci are represented by heterozygotes. Furthermore, as we have seen, m and h both take sign and both are expected to be balanced round the optimum. So given that the frequency distribution of the primary character is symmetrical, the fittest (i.e. the optimal) phenotype should be at the mean of the phenotypic distribution, and also be the one where all the polymorphic loci are heterozygous. In this sense it will be the phenotype of maximum dominance, S2duvh1, though it may equally be described as the phenotype of balanced dominance since S2du1vh1 will =0.
This relationship has been used by Caligari and Mather (1980) and Caligari (1981) to locate the optimum phenotype in terms of the frequency distribution of the primary character, and compare it with the mean of the distribution. They used data from half-diallel crosses among inbred lines derived from the Texas cage population in two experiments described and utilised by Mather (1987) in a different connection. Five characters were scored: the number of sternopleural chaetae (M); the sensitivity of the chaeta number to temperature change (S); and the number of coxal chaetae on the three pairs of legs, presented in terms of the three classes of genes, a, /3 and 'y, postulated by Mather and Hanks (1978) to account for differences among the chaeta numbers between them. The differences between the mean scores of the parental flies and the estimated phenotypes of maximal dominance (i.e., optima) are set out in table 2, from which it will be seen that in only one case, that of the a genes for coxal chaetae, is there a significant (though still small) difference between the mean of the parents and the optimum (P= 0.05-0.01).
Even this may be accountable. Kearsey and Barnes (bc. cit.) found that although the relative fitnesses of individuals when plotted against their number of sternopleural chaetae fell away on both sides of the optimal value, they did not do so in a symmetrical fashion, with the consequence that the mean chaeta number must exceed the optimum.
They showed, however, that a straightforward transformation of the chaeta number could result in a symmetrical distribution where mean and optimum would coincide. The a coxal genes in Caligari's experiment could be in a similar case, albeit one in which the deviations of the mean from the optimum was negative. Unlike Kearsey and Barnes, Caligari found no significant difference between mean and optimum for sternopleurals; but this was a smaller experiment using a completely different technique, and a mere difference in the environment under which the flies were raised could change the optimum as well as the mean and hence also the departure of one from the other. Clearly, the relation between mean and optimum under stabilising selection is worthy of further investigation using appropriately designed experiments; but such experimental data as we have at present agrees sufficiently well with our theoretical expectations.
CONCLUSIONS
Likeother nuclear genes, the members of polygenic systems are carried on the chromosomes. They segregate, recombine and can show dominance.
They also mutate from time to time, as other genes do. They differ, however, from the more familiar type of gene in the way that they express themselves This interdependence is a basic feature of the system. Each gene-pair is marked by its values of three parameters: d, which is half the difference, in respect of the primary character, between the two homozygotes, aa and AA; h which is the difference in effect between Aa and the mid-parent between aa and AA; and m which is the departure of the mid-parent from 0, the optimum expression of the primary character. Now, the values of d and h must have been fixed by the mutation which gave rise to the gene-pair, and so represent fixed differences. At the same time the overall value of Sm1, marking as it does the difference in phenotype between the overall mean expression of all the genes in the system, on the one hand, and the optimum on the other, will be liable to variation as a result of both genetic change anywhere in the polygenic system and environmental alteration expressed in the optimum, as indeed is reflected in the composition of the parameter m' that we have been led to define.
Yet, although in principle the values of d and h shown by a mutant gene-pair will depend neither on the other genes in the system nor on the stability of the optimum, the fate of that gene-pair may well depend on both. Unless the mutation by which it originates is in the right direction and of large enough effect for the mutant homozygote to be on the opposite side of the optimum from its precursor (i.e. of a size dependent on the value of m) it cannot result in a polymorphism and so cannot contribute to the pool of conserved variation. Also as we observed earlier (see fig. 1 ) the value of m sets limits to the range of h over which the genepair can show polymorphism, and the value of m can be modified by change of both optimum and the behavior of the other genes in the system. Thus the values of d, h and m of a gene-pair must be consonant not only with each other but also with those of the other gene-pairs in the system if it is to contribute to polymorphism and the variation of the population. Failing such consonance, one or other allele will go to fixation. Such fixation may well be helpful to the fitness of the population at the time, but it will be a one-off gain to the genotype; unless and until further mutation occurs at such a locus it cannot contribute further to the lability of the system and its capacity for continuing adaptation.
